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INTRODUCTION
Systems biology aims at describing and modelling biological systems and the interactions of their parts on multiple levels (Kell 2004; Graf et al. 2009; Otero and Nielsen 2010) . Results from various disciplines are combined to study and gain information on networks to record and illustrate correlations and interactions within an organism using mathematical and analytical methods like multivariate statistics and high-throughput methods. Metabolomics, i.e. the quantitative analysis of the metabolites present in a cell in a defined state under defined environmental conditions, is one of the major analytical methods used in systems biology besides transcriptomics and proteomics (Ryan and Robards 2006; Putri et al. 2013) . The high variability of the metabolome, depending on the environmental conditions and the physiological state of an organism, defines the importance of this analyses, as data directly reflect metabolic adaptations to the environment and to intracellular perturbations. Knowledge of these changes allows for the design of cell and process engineering strategies to optimise biotechnological processes by enabling data-driven metabolic modelling and network analysis (Toya and Shimizu 2013) . Likewise, it is of fundamental interest to know the metabolic states of cells in different conditions.
Pichia pastoris (Komagataella spp.) is a well-studied model organism for peroxisome research and 'the most frequently used yeast system for heterologous protein production' (Gasser et al. 2013; Mattanovich, Sauer and Gasser 2017) . It is usually cultivated using glucose or glycerol but as a methylotrophic yeast it is also able to utilise methanol. The use of P. pastoris for the largescale production of intermediate metabolites is a current topic of research (Mattanovich, Sauer and Gasser 2017) .
Many metabolites have high turnover rates resulting from the steady-state metabolite flow within the cell (Wittmann et al. 2004) . If the access to preceding intermediates is hindered, many downstream metabolites would either be used up quickly or at least their levels would be drastically changed. Considering this, metabolism has to be stopped at best instantly after removing the cells from their substrate to avoid distortion of the measured metabolite levels (De Jonge et al. 2012) .
For metabolomic analysis of microorganisms, in general, quenching is the first step in sample preparation and as such it directly influences the final result (De Jonge et al. 2012; Russmayer et al. 2015) . Several quenching methods have been established, mainly solvent-based methods like cold methanol quenching or thermal methods like freeze-thawing or freezing in liquid nitrogen (Schädel and Franco-Lara 2009) . Alternatively, Villas-Bôas and Brunheim (2007) have suggested cold glycerol-saline quenching. For yeasts and filamentous fungi, cold methanol quenching (60% methanol solutions with temperatures below −27
• C), as described in Carnicer et al. (2012) and De Jonge et al. (2012) , is accepted to be a suitable method to stop metabolism while keeping the cells intact to avoid loosing intracellular metabolites. While several articles have been published regarding the ideal methanol concentration (Bolten et al. 2007; Carnicer et al. 2012 ) and the effect of the ionic strength (Tredwell et al. 2011; De Jonge et al. 2012) of the quenching solution, the effect of the pH value and its possible influence on the physicochemical properties of intracellular metabolites seems to be unknown. Metabolite loss occurs while cells are suspended in the quenching solutions (Wittmann et al. 2004; Bolten and Wittmann 2008; Canelas et al. 2008) . To keep this loss at a minimum, the cells are separated from the solutions as fast as possible. In a recent study, Russmayer et al. (2015) have shown that fast filtration is more efficient to minimise metabolite loss than the commonly used separation via centrifugation. By measuring extracts after proceeding time spent in the quenching solutions, a timeline was created illustrating the kinetics of the loss of amino acids. Also in their study, it was observed that the loss of amino acids was inversely proportional to their molecular weight, and influenced by their charge. However, as the quenching solution was not buffered, no direct correlation of charge and metabolite loss could be established in that work.
In this study, the influences of different pH values and ionic strengths of the quenching solution on the kinetics of metabolite loss were evaluated for a better understanding of the underlying mechanisms, and to design an optimised quenching protocol.
MATERIALS AND METHODS
Following the reporting standards for metabolomics experiments proposed by van der Werf et al. (2007) , all relevant parameters of these experiments are listed in Supplementary File 1 (Supporting Information).
Strain
Pichia pastoris (Komagataella phaffii) strain CBS7435 was used for all experiments in this work.
Cultivation
Two 1.4-L benchtop bioreactor systems (DASGIP Parallel Bioreactor System, Eppendorf, Germany) were run in parallel at a working volume of 400 mL.
One hundred millilitre of the pre-culture media (per litre: 10 g yeast extract (Merck, Darmstadt, Germany), 20 g peptone (Kerry, Beloit, USA) and 10 g glycerol (Roth, Karlsruhe, Germany)) were inoculated with 750 μL cyrostock solution of CBS7435 and grown at 25
• C and 180 rpm overnight in a 1-L shake flask. The preculture was used for inoculation of the bioreactor at an optical density (OD 600 ) of 1.0. After 24 h of batch, a carbon-limited fed-batch was run at a growth rate (μ) of 0. 
Quenching solutions
Quenching was performed by mixing 10 mL of cultivation broth with 40 mL of buffered quenching solution (derived from Carnicer et al. 2012) . Five conditions covering a low and a high pH value and a low and a high NaCl concentration as well as a mid-point of both were chosen ( Buffer conditions are set prior to the addition of fermentation broth. The salt concentrations increase in equal steps. The range was chosen to include the ionic strength of the media (20.8 mS cm −1 ). Conductivity is given as the average of three determinations. The values in brackets represent one standard deviation.
Greifensee, Switzerland). Bolten et al. (2007) postulated that the ionic strength of the quenching solution should approximate the ionic strength of the media in order to reduce metabolite loss. Accordingly, the tested range was set to cover the conductivity to the media (20.8 mS cm −1 ). The buffers were set to a concentration of 0.1 mol L −1 , after the addition of fermentation broth, corresponding to 0.125 mol L −1 before addition; 1 mol L −1 buffer stocks were diluted. The volume was adjusted using RO-H 2 O. After the addition of the other components, the methanol (Roth) concentration was at 60% (v/v). The washing solutions used in the next step had the same composition as the quenching solutions, only water was added instead of cultivation broth to adjust the concentrations in the quenched samples.
Sampling
Sampling was performed using a fast filtration method (Carnicer et al. 2012; Russmayer et al. 2015) . Ten grams of cultivation broth were pumped directly from the bioreactor into 40 mL of the respective chilled quenching solutions using a peristalitic pump. The filtration was performed using five filter devices in parallel (one per quenching solution, Polycarbonate Filter Holder, Sartorius Biolab Products, Göttingen, Germany) equipped with cellulose acetate filters (0.45 μm, Sartorius Biolab Products) driven by a vacuum pump. The biomass concentration in the bioreactor at the time of sampling was determined via OD 600 measurement. The filter was moistened with washing solution (about 2 mL). From the constantly stirred quenched cell suspensions, a volume corresponding to 10 mg dry biomass was applied to the filter system. The weight was later corrected via the cell dry weight of a representative replicate. Samples were taken after the cell suspension spent 2, 4, 8, 16, 32, 60 and 90 min in the quenching solutions. The filter with the cells was washed once with 10 mL of the washing solution and afterwards stored in 15 mL Falcon tubes at -80
• C until extraction.
Extraction
Prior to extraction, 200 μL of an aqueous uniformly 13 C labelled cell extract derived from P. pastoris were added to each filter (Neubauer et al. 2012) . The extraction was performed applying the boiling ethanol method (Canelas et al. 2009 ) using 75% ethanol (Roth) (v/v, diluted using LC-MS grade water), dry ice, a cooling box and a water bath heated to 85
• C (Klavins et al. 2013) .
Four millilitres of ethanol heated to 85
• C were added to the sample. After vortexing for 20 s, the tube was put back into the water bath for 100 s. The sample was vortexed again for 10 s and put back into the water bath for 80 s. After a total of about 3 min of heating, the sample was vortexed for 10 s and cooled with dry ice for 3 min before it was stored in a cooling box. The samples were centrifuged at 4000 g at -20
• C for 10 min and the extract decanted into fresh 15 mL tubes. The tubes were stored in the cooling box before being prepared for the LC-MS/MS measurement.
Sample preparation
Two millilitres of the extracts were dried using 2 mL reaction tubes and a vacuum centrifuge (Savant RVT400, Thermo Scientific, Bremen, Germany) at pressures below 1 mbar (Klavins et al. 2013) . The residues were stored at -80 
LC-MS/MS analysis
Quantitative analysis of the selected metabolites was performed using HPLC coupled with tandem mass spectrometry (see Klavins et al. 2013) . In order to cover a broad range of polarity and selectivity regarding the analytes of interest, two orthogonal separation methods, i.e. reversed-phase (Atlantis T3 R , Waters) and hydrophilic interaction liquid chromatography (Nucleodur R HILIC, Macherey-Nagel), were employed. For reversed phase chromatography, an Accela 1250 HPLC system (Thermo Fisher Scientific, Dreieich, Germany) was used. A volume of 5 μL was injected and separated on a Waters Atlantis T3 column 150 × 2 mm, 1.8 μm particle size column. The aqueous mobile phase A consisted of 0.1% (v/v) formic acid in LC MS grade water and the organic mobile phase B was 100% methanol. Separation was performed at a flow rate of 200 μL min −1 at a column temperature of 40
• C with the following sequential gradient: initial mobile phase B concentration was 0%, held for 2 min, increased in 8 min to 40%, held for 2 min, then increased in 0.1 min to 100%, held for 1.9 min, then set back to the starting conditions in 0.1 min and re-equilibrated for 6 min with the initial 0% B, resulting in a total analysis time for one run of 20 min. Samples were subsequently qualified and quantified by MS/MS using the TSQ Vantage ESI-MS/MS (Thermo Fisher Scientific) in single reaction monitoring mode featuring a heated ESI interface. Most of the amino acids were separated by zwitterionic hydrophilic interaction liquid chromatography on a Nucleodur silica-based column 100 × 2.0 mm, 1.8 μm particle size equipped with a 20 × 2.0 mm, 1.8 μm particle size guard column. A volume of 5 μL of reconstituted cell extract was analysed. After injection with a CTC PAL autosampler (Thermo Fisher Scientific), an Accela 1259 pump (Thermo Fisher Scientific) operated the chromatographic gradient. Eluent A was 10 mM ammonium formate dissolved in LC-MS grade water with at a pH of 3.25 and eluent B was 100% LC-MS grade acetonitrile. The following gradient was used: initial flow rate of 300 μL min −1 starting with 10% of eluent A, held for 0.1 min, increased to 40% A within 7.9 min, increased to 90% A within 0.1 min, held for 1.9 min, back to initial eluent conditions within 0.1 min with an increased flow rate of 450 μL min −1 , held for 4.8 min, then back to the original flow rate of 300 μL min −1 within 0.1 min. Using these conditions, the system gave a backpressure of ∼120 bar. This resulted in a total run time of 20 min including 5 min of re-equilibration. Same as for the reversed phase samples, the identical TSQ Vantage tandem mass spectrometer (Thermo Fisher Scientific) system featuring a heated electrospray interface was employed for detection and quantification of the analytes. Further details regarding ESI-MS/MS settings can be found by Klavins et al. (2013) and Guerrasio et al. (2014) , respectively. Quantification of the compounds was performed via external calibration with internal standardisation by addition of the same volume (in proportion) of the in-house-produced uniformly 13 C-labelled cell extract to standard and samples. As the U 13 C-labelled internal standard contains the same (fully 
Timeline calculation
The recorded timelines were normalised independently. For every method and replicate, the initial value corresponded to 100%. The values at the other time points were calculated relative to the first one. As the obtained curves followed a logarithmic decay, the log 2 of all the values was taken to calculate the half-life using a first-order kinetics model.
Calculation of molecule properties
Physico-chemical properties were calculated using the MOE (Molecular Operating Environment, Chemical Computing Group, www.chemcomp.com) software. Molecules were constructed using SMILES (Simplified Molecular Input Line Entry Specification) obtained from PubChem (pubchem.ncbi.nlm.nih.gov). After construction, environmental conditions prevailing during quenching were set and a selected set of properties was extracted.
Statistical analysis
Statistical analysis was performed using the statistical computing environment R version 3.3.1 (R Core Team 2016) and the R extension packages cluster, gplots, RColorbrewer and randomForest. Hierarchical clustering (Kaufman and Rousseeuw 1990 ) of the chemical properties of the analysed metabolites was performed. To compute all the pairwise dissimilarities between observations in the data where missing values occur, a generalisation of Gower's formula was used (Gower 1971) . Average linkage was used as the agglomeration method. In order to determine the importance of the chemical properties of the analysed metabolites for the different quenching buffers, a variable importance measure of the ensemble learning method Random Forests (Breiman 2001 ) was used. When a tree is grown, the prediction error on the OOB (out-of-bag) samples which are not used for the construction of this tree is assessed. To determine the importance of a predictor (property), its values are randomly permuted in the OOB samples. Intuitively, the prediction quality will deteriorate considerably for an important predictor x' and will remain approximately unaffected for an uninformative predictor. The change in the prediction error is finally averaged over all trees and allows for a predictor importance ranking (Hastie, Tibshirani and Friedman 2009 ).
Microscopy
In the afternoon, cells were inoculated at OD = 0.1 in M2 minimal medium (20 g citric acid, 3.15 g (NH 4 ) 2 HPO 4 , 0.03 g CaCl 2 .2H 2 O, 0.8 g KCl, 0.5 g MgSO 4 .7H 2 O, 2 mL biotin (0.2 g L −1 ), 1.5 mL trace salts stock solution (see above) for 1 L of M2 minimal medium. The pH was set to 5.0 with 5M KOH solution; Delic et al. 2012 ) + 2% glucose and cultivated at 25 • C overnight. Cells were harvested (4 min at 4000 rpm) and resuspended in 500 μl PBS. Twohundred microlitres of cell suspension was mixed with 200 μL FM4-64FX (Molecular Probes, Eugene, USA; 10 μg/mL) and incubated at RT for 1 min. Cells were centrifuged at 3000 rpm for 3 min. Five-hundred microlitres of 4% formaldehyde solution in PBS (Thermo Fisher) were added, incubated for 10 min on ice and centrifuged for 4 min at 4000 rpm. The cells were washed twice with PBS. Then the quenching solution was added and the cells were centrifuged. The control sample was once again washed with PBS. Finally, both samples were washed with PBS, resuspended in PBS and viewed in a Zeiss Axio Observer.Z1 (Carl Zeiss Microscopy, Jena, Germany) with a LCI Plan-Neofluar 63x/1.3 water-immersion objective using bright-field and the Zeiss filterset 14 (Ex BP 510-560, Em LP 590) for fluorescence. The values represent the percentage of increased MSE in the prediction of the half lifes if the values of the properties were randomly permuted. The higher the value the more important is the property. The five most influencial properties are indicated in bold. 
RESULTS AND DISCUSSION
During quenching, metabolite loss occurs. Its extent highly depends on the composition of the quenching solution, its methanol concentration, ionic strength (Bolten et al. 2007; De Jonge et al. 2012 ) and pH value. Plotting the measured values against the time points of collection yields two important analytical values: the half-life of a metabolite in the cell when treated under specific conditions and the initial value considered for the half-life calculations, i.e. the intracellular metabolite concentration at the first time point of 2 min in the quenching solution (Supplementary File 2, Supporting Information). An ideal quenching solution would keep the metabolite loss at a minimum, which is represented both by a high half-life of the metabolite in the cell and a high initial value. The half-life describes the influence of a respective buffering condition on the time-dependent loss of a metabolite. However, the immediate loss of a fraction of a metabolite during quenching may have a high impact on the final result and interpretation, even when the following half-life is high. As the fastest sampling time achievable with this setup is about 2 min, this time point was set as the initial value (or highest achievable value). Figure 1 shows exemplarily for serine and malate that the first time point values of both compounds are highly dependent on the buffering conditions. Higher ionic strength of the quenching solution lowered the metabolite half-lifes and their initial concentrations at the first time point while a higher pH value increased the retention of organic acids in the cell, whereas it had no distinct influence on uncharged molecules and zwitterionic amino acids (Table S1 , Supporting Information). As seen here, the initial value is already quite low in some buffering conditions. A very low initial value may coincide with a higher half-life when further loss is less pronounced starting already from a lower level. Therefore, it is important to consider both features for further understanding and optimisation of the quenching procedure. To conclude underlying principles and to keep the overall metabolite loss at a minimum, we correlated the half-lifes and values measured at the first time point for all buffers with calculated chemical properties.
Multiple chemical properties of the analysed metabolites were calculated using MOE software and compared to the calculated half-lifes in order to investigate the specific influence of these properties on the metabolite loss during quenching. Properties taken into account were dipole moment, total hydrophobic area, total polar surface area, charge-weighted positive surface area, charge-weighted negative surface area, sum of formal charges, van-der-Waals volume, amphiphilic moment and molecular weight. Figure 2 shows the dendrogram of hierarchical clustering of these properties. It illustrates their biochemical relevance for differentiation of the measured metabolites, as related metabolites cluster together, while unrelated metabolites are well separated.
To evaluate the impact of the calculated molecular properties on the measured values and to determine their influence on the results, variable importance measures of the ensemble method Random Forests were used. It is calculated to which extent the prediction error (mean squared error, MSE) of the half-lifes increases if the respective property was randomly permutated (Table 2) . If the permutated property has a high influence on the clustering, the MSE would increase greatly whereas the prediction would remain relatively unaffected if a rather uninfluential property is altered. The obtained values are relative for the general behaviour under the given conditions. The five most relevant descriptors in nearly all conditions tested are the molecular weight, the van-der-Waals volume, the charge-weighted positive surface area, charge-weighted negative surface area and the total polar surface area. The molecular weight and the (A) (B) Figure 5 . Correlations between molecular properties and the intracellular half-lifes determined from the samples retrieved from the 'low salt-high pH' buffered quenching solutions. Van der Waals volume and charge-weighted negative surface area were used representative for a charge-independent and a charge-dependent property. (A) Plotting the half-life against the van der Waals volume shows a linear correlation. Charged molecules differ from this trend stronger than uncharged ones. Amino acids are highlighted to illustrate specific trends of charged and uncharged molecules. (B) An increase in retention with an increase in charge-weighted negative surface area is observable.
van-der-Waals volume are independent from the respective buffer (except for marginal changes due to protonation); their influence is not altered by differing conditions. The other three important descriptors are pH dependent and influenced by ions which explains a change in retention according to the buffer used.
In Figs 3 and 4, heat maps of hierarchical cluster analysis of the initial values and half-lifes are visualised. The dendrograms of the hierarchical cluster analysis of the metabolites and quenching methods are displayed on the left and top of the heat map, respectively. The initial values emphasise once again that a higher salt concentration caused lower measured intracellular concentrations for nearly all metabolites compared to the low salt conditions (Fig. 3) . The pH value did not have a significant influence on the initial values and therefore it can be adjusted depending on the specific (group of) metabolites of interest. Two large groups of metabolites separate in the heat map, one containing predominantly organic acids and amino acids having high initial values at low salt conditions, while the other cluster with nucleoside monophosphates, thiamine and phosphoenol pyruvate shows a less clear pattern. The hierarchical clustering of the log 2 of the normalised half-lifes revealed three main groups (Fig. 4) . Large and negatively charged molecules such as nucleotides, vitamins and citrate had generally higher half-lifes, while the concentration of charged amino acids and organic acids decreased slower at low salt and high pH. Uncharged amino acids had generally lower half-lifes with a preference for low salt-high pH conditions. As the half-lifes suggest that a higher pH value impedes the loss of highly charged organic acids using a low salt, high pH buffer seems to be the most suitable general protocol.
By comparing the half-lives of intracellular metabolite levels during quenching with certain chemical properties of the analysed metabolites, possible mechanisms causing the decrease of the initial intracellular metabolite pools can be better understood (Fig. 5) . The metabolite loss follows a logarithmic decay (Fig. 1) , which indicates that it is only dependent on the metabolites' initial concentration but is influenced by its environment. As the largest influence is apparently caused by the molecular weight, the van-der-Waals volume, the charge-weighted positive surface area, charge-weighted negative surface area and the total polar surface area (Table 2) , a combination of electrostatic and size-dependent interactions that resemble the separation principles of ion chromatography and filtration is suggested. As shown also by De Jonge et al. (2012) and Russmayer et al. (2015) , half-lifes positively correlate to molecular weight, which we could verify here and extend to the van der Waals volume (Fig. 5A) . Charged metabolites like organic acids differ partially from this trend and are stronger influenced by chargedependent properties. The same applies for charged amino acids while retention of zwitterionic amino acids increases linearly with increasing molecular volume. This indicates that molecular half-life also depends on the charge of the respective metabolite, illustrated by a positive trend of half-life versus charge-weighted negative surface area (Fig. 5B) .
As metabolite loss is influenced by molecular properties, it is unlikely that it is simply caused by progressive cell lysis. The suggested chromatography-like retention of metabolites during quenching requires an interaction partner. De Jonge et al. (2012) have hypothesised that interaction with the plasma membrane is responsible for retention of metabolites during quenching. However, we considered this less plausible than other interactions for two reasons: first, the plasma membrane should be dissolved by methanol in the quenching solution, and second the better retention of charged metabolites implies a charged interaction partner. To test whether the plasma membrane remains at least partly intact during quenching, we stained membranes with FM4-64FX and treated the cells with quenching solution. Different to the control, the membrane staining disappeared completely in cells treated with quenching solution (Fig. 6) . We suggest therefore that the metabolites interact with the cell wall when leaking out of the quenched cell. Yeast cell walls are porous which would explain the size-dependent retardation effect, and they are considered to be negatively charged (Fisher 1975) due to negatively charged groups embedded in the cell wall which would explain the charge-dependent retention during quenching.
The overall best results, corresponding to highest initial concentration and half-lives, were obtained using a buffer with a low ionic strength and a higher pH than that of an unbuffered quenching solution. The quenching solution used for this condition was Tris buffered (0.125 mol L −1 ) to a pH of 8.2 with a NaCl concentration of 0.055 mol L −1 and a methanol concentration of 60% (v/v). It should be noted that the low ionic strength samples had a higher ionic strength than the buffers used in common protocols. While it is unclear if a low pH accelerates outflow, degradation or some other effect decreasing intracellular metabolite levels, a pH around physiological conditions or above showed the best results.
